
AECL^JOJ

ATOMIC ENERGY £ £ ^ L'ENERGIE ATOMIQUE
OF CANADA LIMITED t f i j DU CANADA, LSMITEE

PARAMETER-SENSITIVITY ANALYSIS OF NEAR-FIELD RADIONUCLIDE

TRANSPORT IN BUFFER MATERIAL AND ROCK

FOR AN UNDERGROUND NUCLEAR FUEL WASTE VAULT

ANALYSE DE SENSIBILITE DES PARAMETRES DE TRANSPORT DES RADIONUCLEIDES

DANS LE MATERIAU TAMPON ET LA ROCHE AVOISINANT UNE ENCEINTE

SOUTERRAINE D'EVACUATION DES DECHETS DE COMBUSTIBLE NUCLEAIRE

S C. H. Cheung, T. Chan

Whiteshell Nuclear Research Ff~Missement de recherches
Establishment nucleaires de Whiteshell

Pinawa, Manitoba ROE HO
August 1983 aout



Copyright «5 Atomic Energy of Canada Limited, 1983



ATOMIC ENERGY OF CANADA LIMITED

PARAMETER-SENSITIVITY ANALYSIS OF NEAR-FIELD RADIONUCLIDE TRANSPORT

IN BUFFER MATERIAL AND ROCK FOR AN UNDERGROUND NUCLEAR FUEL WASTE VAULT

by

S.C.H. Cheung and T. Chan

Whiteshell Nuclear Research Establishment
Pinawa, Ma-.ieoM ROE 1LO

1983 Anfr'jst
AECL-7801



ANALYSE DE SENSIBILITE »ES PARAMETRES DE TRANSPORT DES RADIONUCLEIDES

DANS LE MATÉRIAU TAMPON ET LA ROCHE AVOISINANT UNE ENCEINTE SOUTERRAINE

D'ÉVACUATION DES DÉCHETS DE COMBUSTIBLE NUCLÉAIRE

par

S.C.H. Cheung et T. Chan

RÉSUMÉ

On a mis au point un modèle analytique pour le transport des ra-
dionucléides ayant lieu à proximité d'un conteneur de déchets de combustible
nucléaire placé dans un trou de sondage. Le modèle tient compte de la dif-
fusion dans le tampon entourant le conteneur de déchets, d'une part, et de
la diffusion ainsi que de la convection de l'eau souterraine dans la roche
entourant le trou de sondage d'autre part. Oii a effectué une analyse de
sensibilité des paramètres dans le but d'étudier les effets exercés sur le
flux des radionucléides par (a) la vitesse de Darcy de l'eau souterraine
dans la roche, (b) la porosité réelle du tampon, (c) la porosité réelle de
la roche, (d) l'épaisseur radiale du tampon et (e) le rayon et de la lon-
gueur du conteneur. Il a été établi que (1) le flux des radionucléides (FR)
et le flux total intégré (F̂ .) sont plus élevés dans le cas d'un écoulement
horizontal que s'il s'agit d'un écoulement vertical; (2) F^ diminue au fur
et à mesure qu'augmente l'épaisseur radiale du tampon pour toutes les vites-
ses d'écoulement de Darcy tandis que F̂ , diminue dans le cas de hautes vites-
ses mais augmente dans le cas de basses vitesses. Le taux de changement de
Fj£ et de F/j. baisse lorsque la vitesse de l'écoulement diminue et l'épaisseur
du tampon augmente; (3) Fr, est plus élevé dans le cas d'une porosité réelle
plus grande du tampon ou de la roche; et (4) FR augmente et FT diminue lors-
que le rayon ou la longueur de conteneur diminue.
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ABSTRACT

An analytical model has been developed for radlonuclide transport
in the vicinity of a nuclear fuel waste container emplaced In a borehole.
The model considers diffusion In the buffer surrounding the waste con-
tainer, and both diffusion and groundwater convection In the rock around
the borehole. A parameter-sensitivity analysis has been done to study the
effects on radionuclide flux of (a) Darcian velocity of groundwater iu the
rock;. fb) effective porosity of the buffer, (c) effective porosity of the
rock, (d) radial buffer thickness, and (e) radius and length of the
container. It is found that (1) the radionuclide flux, FR, and the total
integrated flux, FT, are greater for horizontal flow than for vertical
flow; (2) F decreases with Increasing radial buffer thickness for all
Darcian flow velocities, whereas F_ decreases at high velocities but
Increases at low velocities. The rate of change of FR and of F decreases
with decreasing flow velocity and increasing buffer tnickness; f3) F is
greater for higher effective porosity of buffer or rock; and (4) FR

increases and F_ decreases with decreasing container radius or length.
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NOMENCLATURE

a » container radius

b • borehole radius

C. » radionucllde concentration at the container-buffer interface

C, <• radionuclide concentration at the buffer-rock interface

d = length of the buffer-rock interface in contact with flowing

groundwater

D- • radionucllde diffusion coefficient in the buffer

D R - radibnucllde diffusion coefficient in the rock

FR = radionuclide flux

F_ « total integrated radionuclide flux

Kj, » transfer coefficient in the rock

Ng - effective porosity of the buffer

Nj, = effective porosity of the rock

U_ = Darclan groundwater velocity in the rock



1. INTRODUCTION

The Canadian research program for nuclear fuel waste management

Is based on the concept that waste can be effectively Isolated by deep

underground disposal In stable geological formations.

At present, disposal In a vault mined in a plutonlc rock

formation, such as the granite bathollths of the Precambrlan Shield, Is

considered to be the most favourable option [1]. In such a vault the only

potentially significant mechanism for radlonuclide release is for

groundwater to penetrate to the waste, leach out radlonuclldes and carry

them to the surface. A number of protective barriers will be used to

isolate the waste and minimize the probability of escape [2,3]. These

barriers are t'.ie waste form itself, the waste container, the buffer

material surrounding the container, backfill and sealing materials that

fill the remainder of the vault, and the massive geologic formation (see

Figure 1). The buffer is likely to be a compacted mixture of clay and

sand, and the backfill a compacted mixture of clay and gravel or crushed

rock [31.

Two options for waste emplacement, ln-room and borehole, are

being assessed [4] (see Figure 2). The near-field radionuclide transport

for borehole emplacement has been studied for the two extreme cases of

intact rock and severely fractured rock F51; only transport by diffusion

was considered. In this report, groundwater flow in the rock surrounding

the borehole will also be considered. In particular, parameter-sensitivity

analysis will be used to investigate the influence on radionuclide flux of

the effective porosity of the buffer, the effective porosity of the rock,

container geometry, buffer geometry and the velocity of groundwater flow.
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2. NEAR-FIELD RADIONUCLIDE TRANSPORT MODEL

2.1 ASSUMPTIONS

In the current model (see Figure 3), the following assumptio. s

are used:

(1) Mass transport In the buffer is by diffusion only, i.e., there is

no groundwater flow within the buffer since it is expected to

have a very low hydraulic conductivity.

(2) The buffer is considered as a porous medium with a uniform,

constant, and Isotropic Ionic diffusion coefficient.

(3) There are no chemical reactions that affect radionuclide

migration.

(4) Steady-state diffusion.

(5) The waste container Is symmetrically situated in the buffer

material and is assumed to have failed and be uniformly permeable

to radionuclides over its entire surface.

(6) Radionuclide concentrations at the buffer-container interface,

C. , and at the buffer-rock and buffer-backfill interfaces, C,,

are constant. C^ is known but C- must be determined by

consideration of forced convection of groundwater at the

buffer-rock interface.

(7) Both concentration diffusion and groundwater flow are considared

to occur in the rock, which is treated as a porous medium. It is

assumed that the radionuclide concentration is so low that it

does not affect the velocity of groundwater flow.
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2.2 MATHEMATICAL MODEL

Using the above assumptions, it has been shown that the total

diffusive radionuclide flux can be approximated by a one-dimensional

infinite cylinder model, provided the vertical buffer thickness above the

container exceeds 1 m f6J. The radionuclide flux at the buffer-rock

Interface under steady-state transport [7] is

(C1 " C2 )DB 2
FR ' b 1H b/a m ° 1 / ( m > 8 ) ( 1 )

where Dg » effective radionuclide diffusion coefficient in the buffer,

G. = radionuclide concentration at the container-buffer

interface,

C, = radionuclide concentration at the buffer-rock interface,

a = radius of the waste container,

and b =• radius of the borehole.

Hence, the total integrated flux is

2ir(C, - C,)D A

s r g 7 i mol/s (2)

where I = length of the waste container.

To obtain C_, a transfer coefficient, K_, due to forced

convection of groundwater and radionuclide diffusion into the rock, is

considered to exist at the buffer-rock interface. Assuming zero radlo-

nuclide concentration in the rock away from the buffer-rock interface, the

radionuclide flux at the buffer-rock interface is

FR - C2*R
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and the total integrated flux is

From Equations (1) and (3)

DBC_J4 (5)

Substituting Equation (5) into Equation (3) gives

and F_ can be obtained by substituting Equation (5) into Equation (4) as

F T - r . b i
fr In — + T-y-
D a b K

<7>
DB KR

where the first and second terms of the denominator in Equation (6) are

referred to, respectively, as the buffer resistance and bu:"fer-rock inter-

face resistance to radionuclide flux.

Using the theory of forced convection mass transfer 18], it is

shown in the Appendix that

11/2

irtiere DD = effective radionuclide diffusion coefficient in the rock,

U R » average bulk velocity of groundwater in the rock (Darclan

velocity),
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and d = length of buffer-rock Interface in contact with flowings
groundwater.

Note that K_ is a lumped parameter containing the effects of both

radionuclide diffusion and groundwater convection in rock.

For horizontal groundwater flow (Figure 4(a))

ds - ,b (9)

For vertical groundwater flow (Figure 4(b))

dg - l (10)

Using Equations (6) to (10), we will study the influence of the

following parameters on the radionuclide flux:

(a) Darcian velocity in the rock,

(b) effective diffusion coefficient in the buffer,

(c) effective diffusion coefficient in the rock,

(d) radial buffer thickness (b - a ) , and

(e) radius and length of the container.

3. RESULTS AND DISCUSSION

In this study, the following parameter ranges will be considered:

(a) Darcian velocity : 10~ m/s to 10~12 m/s

(b) radial buffer

thickness : 0.1 m to 0.4 m

(c) container radius : 0.2 m to 0.4 m

(d) container length : 1 m to 3 m

(e) effective porosity

of the buffer (Nfi) : lO"1 to 10~2
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(f) effective porosity

of the rock (NR) : 10~2 to 10~4

The terra effective porosity is defined as the product of the true porosity

and the tortuosity factor. This parameter is used because the diffusion

coefficient in a porous medium is the product of the ionic diffusion coef-

ficient in water and the effective porosity. The Ionic diffusion coeffi-

clent is taken to be 2 x 10 m / s [9]. The effective porosity values used

here are within the range previously quoted for buffer {10] and fractured

rock [11,12]. Typical results are illustrated in Figures 5 to 11. Figures

5 an-.! 6 show, respectively, the radionucllde flux, F_, and the total

integrated flux, FT, at the buffer-rock interface as a function of radial

buffer thickness for various values of the Darcian velocity, UR, for the

container geometry and effective porosity of buffer, Nj, and rock, N R,

indicated. As can be seen in Figure 5, for a given Darcian velocity and

buffer thickness, F- is greater for horizontal flow than for vertical flow.

For a given buffer thickness, F_ increases with increasing flow velocity.
K

For all flow velocities and for both directions, F^ decreases with

increasing buffer thickness. However, the rate of decrease gets less as

the velocity is lowered. For example, for a horizontal flow velocity of
-12

10 m / s , F is virtually independent of buffer thickness. For vertical
-10

flow this occurs at a velocity of about 10 m / s .

Front Figure 6, it is evident that for the same flow velocity and

buffer thickness, the total integrated flux F_, is also greater for

horizontal flow. For a given buffer thickness, F_, also increases with

increasing flow velocity In both flow directions, and tends to approach a

maximum value as U_ tends to infinity. For horizontal flow, the maximum
* -4 .

value is approached when U R ^ 10 m / s . The integrated flux decreases with

increasing buffer thickness at higher flow velocities and increases,

slowly, at lower velocities. For horizontal flow, this transition occurs
—ft —1 0

between U_ values of 10 m/s and 10 m/s, and for vertical flow, between
fi --8U_ values of ;:'• m/s and 10 m/s. In both flow directions, the rate of

increase of F̂ , with buffer thickness decreases with decreasing flow

velocity. This is due to the increase in surface area at the buffer-rock
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Interface as the buffer thickness Increases. At low flow velocities, this

geometric factor predominates over the decrease in F_. F_ is almost

independent of buffer thickness when U_ is less than 10 m/s.
K

The effect of buffer thickness on F_ and F_, for two container

radii, is rhown in Figures 7 and 8, respectively. Only horizontal flow is

considered. The same trends are observed as in Figures 5 and 6. By

comparing the curves for the two radii, it is seen that F^ is higher for

a « 0.2 m whereas F T is lower. The higher value of FR, for a = 0.2 m, is

due to a smaller value of the buffer-rock interface resistance, whereas the

lower value of F_ is due to the smaller surface area at the buffer-rock

interface for the smaller borehole radius.

Figure 9 is analogus to Figure 7 except that the curves are for

different container lengths, for a given container radius of 0.2 m. Since

FD is affected by container length only for vertical flow, this case is

illustrated. As can be seen, FR increases with decreasing container

length. This is due to a decrease in the buffer-rock interface resistance

as the contact length is decreased. Calculations show that F_ increases

with increasing container length.

Figure 10 is analogus to Figure 5 except that two values of

effective rock porosity, N_, are considered for horizontal flow. A curve
-4 -2

for N_ • 10 can be obtained from the corresponding curve for N - 10

from Figure 5 by increasing the flow velocity by two orders of magnitude.

This can be seen from examination of Equations (6) and (8). For a given

flow velocity and buffer thickness, FD is about 5 to 8 times greater for N_
- 2 - 4

- 10 than for N_ = 10 .
K

Figure 11 is analogus to Figure 5 except that two values of the

effective b'ffer porosity, N,,, are considered, for horizontal flow. It can
— ft

be seen that for U = 10 m/s, F is about 4 to 6 times greater for N_ -
, K « K B

10 than for N » 10 . The influence of the effective porosity on F_
-12

decreases with decreasing flow velocity. At U_ • 10 m/s, F_ is almost

independent of the porosity.
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4. PRACTICAL SIGNIFICANCE

Based on the above results some guidelines for selection of

container geometry and buffer material to minimize the radionucllde flux

can be identified.

4.1 CONTAINER GEOMETRY

—12
For low flow velocities, i.e., U R < 10 m/s (see Figures 7 to

9), the radionuclide flux, FR, and the total integrated flux, F™, are

essentially Independent of container geometry. For high flow velocities,

the container length and radius have to be considered in order to optimize

F_ and F_,. Figure 12 compares the total flux, FT, for two container geome-

tries. As is shown, F_ is lower for a container geometry where a • 0.4 m,

S, - 2 m than for a container geometry where a » 0.2 m. S, = 3 m when U_ >
-12

10 m/s. However, F is about the sane because, as shown in Figure 7, F_
K R

is less for a = 0.4 m than for a = 0.2 m, and, as shown in Figure 9, F is
A.

greater for 4. = 2 m than for S, = 3 m. These opposing effects are about

equal.

Figure 13 shows three candidate geometries for a waste container

[13]. Of the three containers, BEC-I and TEC-II are expected to be con-

sidered for borehole emplacement. From the arguments presented above, the

TEC-II geometry should result in a lower total radionucllde flux than the

BEC-I geometry.

4.2 BUFFER

4.2.1 Mass Transport Properties

—12
For low flow velocities, i.e., U R < 10 m/s, the buffer should

be designed for low hydraulic conductivity since the radionuclide flux is

essentially independent of the buffer diffusion coefficient, as shown In

Figure 11. For higher flow velocities, the buffer should be designed not

only for low hydraulic conductivity but also for low diffusion coefficient

(see Figure 11).
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4.2.2 Buffer Geometry

The factors to be considered in the selection of buffer thickness

are the retention time for radionuclides in the buffer, the radicmucllde

flux, F , and the total integrated flux, F .
R T

The effect of vertical buffer thickness on radionuclide diffusion

has been discussed elsewhere [5,6]. Radial buffer thickness is considered

below.

Table 1 shows the retention time of radionuclides in a buffer of

given properties for various radial thicknesses [6]. This indicates that
137 90

only the short-lived fission products such as Cs and Sr will

completely decay before breakthrough, for any buffer thickness considered.

However, the retention in the buffer of long-lived fission products such as
129 99

I and Tc, which are the important nuclides for vault safety assessment

[14], will not be substantially enhanced by a realistic increase in buffer

thickness.

For high flow velocities, U R >_ 10 m/s, F R and F̂ , have been

shown (Figures 6 and 10) to decrease with increasing radial buffer

thickness. For this condition, it has been shown that increasing the

radial buffer thickness beyond 0.45 m will have little effect in reducing

FT [6]. Therefore a radial buffer thickness of 0.45 m is sufficient. For
— 1 9 — ft

U R between 10 m/s to 10 m/s, FR decreases with increasing radial

buffer thickness (see Figure 10). However, FT can increase or decrease

depending on the groundwater velocity (see Figure 6), so that the radial

buffer thickness should be chosen to optimize both F_ and F_. For Ik, <
_12 R T R

10 m/s, F_ and FT are both essentially independent of buffer thickness

(see Figures 5 and 6 ) . For these velocities, the radial buffer thickness

should be determined using other criteria, e.g., control of groundwater

access to the container surface, rather than those concerning radionuclide

diffusion.
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5. CONCLUSIONS

From the above studies the following conclusions can be drawn:

(a) The radionuclide flux, FR, and the total integrated flux, FT, are

greater for horizontal than for vertical groundwater flow.

(b) F_ decreases with increasing radial buffer thickness for all flow

velocities, whereas F_ decreases at high velocities but increases

at low velocities. The rate of change of Fo and of F decreases

with decreasing flow velocity and increasing buffer thickness.

(c) F_ is greater for a higher effective porosity of either buffer or

rock.

(d) FR increases and FT decreases with decreasing container radius or

length.
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TABLE 1

RETENTION TIME IN A BUFFER FOR VARIOUS RADIONUCLIDES

USING AH EFFECTIVE BUFFER POROSITY OF 10

AND A BUFFER DENSITY 2000 kg/m3 [6]

-1

Nuclide

90Sr

99Tc

129t

1 3 5 c 8

137Cs

226Ra

22STh

237,TNp

23 9D

Pu
241,Am

243,
An

Half-
life
(years)

27.7

2.1xlO5

1.7xlO7

3.0 i

30.0 1

1602

7340

2.1xl06

2.4xl04

458 }

7370 )

Retardation
Factor

600

1

1

400

800

>1000

200

1200

>4000

Retention Time In Buffer (years)
for Radial Buffer Thickness (m) of

0.125 0.25 0.35 0.45

156

0

0

104

208

260

52

313

1040

625

.3 1.0

.3 1.0

417

834

1000

208

1253

4170

1227

2.0

2.0

818

1636

2000

409

2455

8180

2029

3.4

3.4

1352

2704

3400

676

4058

13520
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MASSIVE GEOLOGIC
FORMATION

BACKFILLED
EXCAVATION

BUFFER MATERIAL
DURABLE

CONTAINER

SOLIDIFIED
NUCLEAR
WASTE

FIGURE 1: Schematic Illustration of the Sequence of Barriers for a
Nuclear Fuel Waste Disposal Vault
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(a)
IN-ROOM

EMPLACEMENT

(b)
BOREHOLE

EMPLACEMENT

BACKFILL

BUFFER .

WASTE
CONTAINER

BACKFILL

BUFFER

WASTE
CONTAINER

FIGURE 2: Schematic Illustration of the Two Container Emplacement
Concepts (not to scale)
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ROCK

C2

CONTAINER __

BUFFER

BACKFILL
C2
T

ROCK

C2

FIGURE 3: Schematic Illustration of the Boundary Conditions at the
Buffer-Container, Buffer-Rock and Buffer-Backfill Interfaces
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FLOW LINE

(a) HORIZONTAL FLOW

BACKFILL

CONTAINER -

ROCK ROCK

(b) VERTICAL FLOW

FIGURE 4: Schematic Illustration of the Contact Distance with Flowing
Groundwater for Horizontal and Vertical Flow
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FIGURE 5: Radionuclide Flux as a Function of Radial Buffer Thickness
for Various Horizontal and Vertical Flow Velocities
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FIGURE 6: Total Integrated Flux as a Function of Radial Buffer Thickness
for Various Horizontal and Vertical Flow Velocities
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FIGURE 7: Radionuclide Flux as a Function of Radial Buffer Thickness
for Two Container Radii and Various Horizontal Flow Velocities
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FIGURE 8: Total Integrated Flux as a Function of Radial Buffer Thickness
for Two Container Radii and Various Horizontal Flow Velocities
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APPENDIX

TRANSFER COEFFICIENT FOR FORCED CONVECTION MASS TRANSPORT

In general the radionucllde flux across the buffer-rock interface

should be determined by solving the coupled equations of heat transport,

groundwater flow and radionuclide transport. To obtain an analytical

solution the following assumptions and approximations are made:

(1) The cylindrical geometry of the buffer-rock interface is approxi-

mated by planar geometry [7] as illustrated in Figure A-l. This

should introduce little error if the penetration distance of the

diffusing radionuclide, during the time it takes for groundwater

to traverse the length of the container, is small compared with

the radius of the borehole. The transfer coefficient derived

from planar geometry has been shown to be somewhat higher than

that obtained from cylindrical geometry [9], and therefore gives

a conservative estimate of the mass transfer rate.

(2) Thermal convection of groundwater is negligible.

(3) The fractured rock is simulated by an equivalent porous medium.

(A) Groundwater flow in the rock is unaffected by the diffusion of

the radionuclide, which is only slightly soluble in water.

Further, the groundwater flow is uniform, with a Darcian velo-

city, U , parallel to the buffer-rock interface, i.e., in the

Z-direction (see Figure A-l).

(5) In the Z-direction, the radionuclide is transported by

groundwater flow, i.e., the diffusive contribution is negligible.

This is equivalent to neglecting end effects, and is consistent

with the one-dimensional radial diffusion model adopted for

radionuclide transport in the buffer.



(6) In the X-directlon, the radionuclide is transported primarily by

diffusion, i.e., there is no transport by convection.

Following Bird et al. [8], the steady-state convection-diffusion

equation in the rock can be derived by considering the mass balance in the

shaded elemental volume In Figure A-l. In our notation this equation takes

the form

where C = radionuclide concentration,

D_ = effective diffusion coefficient in the rock,

and Ug » Darcian velocity in rock.

The appropriate boundary conditions are

C = 0 at Z = 0 (level of the bottom of the container),

C » C_ at X = 0 (buffer-rock interface),

C = 0 at X =

where C- = radionuclide concentration at the buffer-rock interface-

The solution has been shown [6] to be

C - C erfc r-rr (A2)

< 4W

where erfc is the complementary error function.

The radionuclide flux, across the buffer-rock interface (X = 0) at

elevation Z is given by

-D
-3C

R 3X (A3)
X = 0
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From Equation (A2)

4 D R Z Y 1 / 2

y/2
Therefore -=£ I - -C„[ —=• \ (A5)

Substituting Equation (A5) into Equation (A3)

»uJ\l/2

The mean flux, F , averaged over the length jfc, of the container, is
K

• . - / '

* 1/2
Z dZ

4D U \l/2

The general equation for either horizontal or vertical

groundwater flow is

(A7)
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where d is the contact length of the buffer-rock interface in contact with

flowing groundwater

Uv> u \ Ml
and YL, =\ -±-± (A8)

is defined as the transfer coefficient at the buffer-rock interface.
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